Prions are infectious proteins that, in mammals, give rise to transmissible neurodegenerative diseases 1 and, in fungi, produce heritable and sometimes beneficial phenotypes 2, 3 . Although distinctly different in sequence and cellular role, the mammalian and most fungal prion proteins share similarities in their mechanisms of formation and propagation 2, 4 . Prion formation involves a structural conversion in which the protein changes from its normal, soluble structure to an aggregated, amyloid-like structure rich in β-sheets. This conversion involves breaking intramolecular noncovalent bonds and forming intermolecular hydrogen bonds and other noncovalent bonds. The resulting prion aggregates then seed the conversion of identical soluble protein molecules to the aggregated state. Mammalian and fungal prions also share the phenomenon of strains, in which structural conversions of the same protein give rise to different disease characteristics or phenotypes 2 . Although mammalian disease strains show a correlation with differences in prion conformation [5] [6] [7] , the causal link has been proven in yeast: distinct conformations of aggregated Sup35 give rise to distinct strains of [PSI + ] 8,9 .
a r t i c l e s
Prions are infectious proteins that, in mammals, give rise to transmissible neurodegenerative diseases 1 and, in fungi, produce heritable and sometimes beneficial phenotypes 2, 3 . Although distinctly different in sequence and cellular role, the mammalian and most fungal prion proteins share similarities in their mechanisms of formation and propagation 2, 4 . Prion formation involves a structural conversion in which the protein changes from its normal, soluble structure to an aggregated, amyloid-like structure rich in β-sheets. This conversion involves breaking intramolecular noncovalent bonds and forming intermolecular hydrogen bonds and other noncovalent bonds. The resulting prion aggregates then seed the conversion of identical soluble protein molecules to the aggregated state. Mammalian and fungal prions also share the phenomenon of strains, in which structural conversions of the same protein give rise to different disease characteristics or phenotypes 2 . Although mammalian disease strains show a correlation with differences in prion conformation [5] [6] [7] , the causal link has been proven in yeast: distinct conformations of aggregated Sup35 give rise to distinct strains of [PSI + ] 8, 9 .
Amyloid fibrils, though not generally infectious, share with prion aggregates their cross-β-spine structure and a propensity for conformational variation, or polymorphism. Amyloid conformers give rise to fibrils with distinct properties, such as NMR spectra 10 and morphology 10, 11 -for example, twisted versus flat fibrils, or fibrils of different widths. Similar morphologies have been observed for in vitro-formed mammalian prion fibrils 12 , suggesting commonalities between the conformational differences that produce amyloid fibril polymorphism and those that give rise to prion strains. The observation that an amyloid disease is transmissible in mice 13 further blurs the distinction between amyloid and prion.
Despite pioneering studies [14] [15] [16] [17] [18] [19] , little is known at the atomic level about the nature of the conformational differences that give rise to polymorphic amyloid fibrils and prion strains. In our previous work, we determined 13 fibril-like structures of segments from proteins known to fibrillize; these structures consist of pairs of tightly packed, highly complementary β-sheets 20,21 , which we termed 'steric zippers'. Each steric zipper is formed from identical short segments of protein molecules, stacked into β-sheets that run the entire length of the amyloid-like fibrils, and of the closely-related needle-shaped microcrystals 21, 22 used to determine the atomic structures of the steric zippers. These steric zippers include three polymorphic pairs (alternative packing arrangements) that might be connected to the phenomenon of prion strains. Since then, in the course of determining new fibril-like structures, we have found that polymorphic structures are common among steric zippers. Here we present nine new structures that include three distinct types of polymorphs, and we present the structural and biochemical arguments indicating that the conformational differences of prion strains may be attributable to polymorphic steric zippers. We also discuss the similarities in information transfer between protein-encoded prion inheritance and the more familiar nucleic acid-encoded inheritance.
RESULTS

Packing polymorphism of steric zippers
In determining the atomic structures of steric zippers by X-ray microcrystallography, including the nine new structures reported here ( Tables 1 and 2 and Supplementary Table 1) , we found that some segments of amyloid and prion proteins form two packing types, or polymorphs. Four such pairs are shown in Figure 1 . The fibril-forming segment 22 SSTNVG is derived from islet amyloid 9 7 4 VOLUME 16 NUMBER 9 SEPTEMBER 2009 nature structural & molecular biology a r t i c l e s polypeptide (IAPP), a 37-residue hormone that forms fibrillar amyloid deposits among the pancreatic β-islet cells of nearly all type II diabetics 23 . Microcrystals of SSTNVG grown from different solutions revealed two structures (polymorphs), one featuring a pair of serine residues at the center (Fig. 1a, left) 22 , and the other, with a shifted registration of the two β-sheets, featuring a pair of asparagine residues at the center (Fig. 1a, right) . In both polymorphs, a pair of tightly interdigitated β-sheets, with no water molecules in the interface, forms the basic dry steric zipper structure. A second pair of polymorphic steric zippers is formed by the segment VQIVYK (Fig. 1b) from the fibril-forming protein tau, associated with Alzheimer's disease 24 . Again, microcrystals grown under different conditions (Supplementary Methods) produced different structures related by a shift in registration of the two sheets. These two pairs of polymorphs of segments SSTNVG and VQIVYK show that a given fibril-forming sequence can form distinct steric zippers by adopting distinct registrations of the two β-sheets. We term this 'registration polymorphism'.
Two additional pairs of steric zippers (Fig. 1c,d) , one from the fibril-forming segment NNQQ of the yeast prion Sup35 (ref. 21 ) and the other from the segment NNQNTF of elk prion protein associated with strains 25 , revealed what we term 'facial polymorphism'. In the steric zippers on the right, the two sheets are packed face to face, as in SSTNVG and VQIVYK. The steric zippers on the left are packed face to back (NNQQ) or back to back (NNQNTF).
Each of the eight steric zippers in Figure 1 seems stable and is likely to be separated from its alternative polymorph by a high energy barrier. Each β-sheet of a zipper is stabilized by main chain hydrogen bonds between layers. The two sheets of a zipper are held together by van der Waals bonds between the highly complementary, interdigitated side chains, and in a few cases by intersheet hydrogen bonds, as in the left polymorph of SSTNVG (Fig. 1a) . To transform one polymorph into another, it is necessary to break the intersheet contacts, reposition the two sheets and reinterdigitate the side chains to form the second zipper. The high energy barrier presented by bond breaking means that the two polymorphs are distinct, stable, long-lived structures.
Segmental polymorphism in steric zippers of IAPP
The amyloid-forming protein IAPP shows a rich variety of fibril morphologies 11, 18 . IAPP also shows a rich variety of steric zippers: six different segments of the IAPP sequence form distinct amyloidlike fibrils and microcrystals (Fig. 2) . Rather than different packing arrangements of the same segment, as described above, each of these 25 . Both NNQNTF steric zippers are found in the same crystal structure, one face to face (right), with N1, Q3 and T5 (yellow) of both sheets forming the interdigitated interface, and the other back to back, with side chains N2, N4 and F6 interdigitated (white). Figs. 1-3) . The six IAPP segments in Figure 2 form fibrils and needle-shaped microcrystals suitable for X-ray diffraction studies. Each of the six microcrystals reveals a distinctive steric zipper structure. We expected fibrils and microcrystals formed by the same segment to have similar structures, because fibrils and microcrystals often grow under the same conditions (see the micrograph of NNFGAIL fibrils ,  Fig. 2) ; in both, the extended segment is perpendicular to the long axis, with the β-sheets parallel to the axis; both give characteristic amyloid diffraction peaks at ~10 Å and 4.7 Å (ref. 26); and occasionally we find fibrils that seem to emanate from the tips of microcrystals (see the micrograph of HSSNNF fibrils, Fig. 2 ). In short, six segments of one protein, IAPP, form six fibril-like structures, each differing from all of the others at the atomic level, a striking segmental polymorphism.
Full-length IAPP forms distinct steric zippers
Our biochemical studies of human and mouse IAPP show that the spines of full-length IAPP fibrils can be built from steric zippers of at least two different segments. Human IAPP forms fibrils of several morphologies 11, 18 , whereas mouse IAPP does not form fibrils 27 (Fig. 3a) . The established involvement of the C-terminal region (residues 21-37) in human IAPP fibrillization 28 is reinforced by differences in the human and mouse sequences ( Fig. 2a and Supplementary Fig. 4) ; five of the six residue differences are in the C-terminal region.
We found that the N-terminal region of IAPP (residues 1-20) is also sufficient to drive fibrillization. Replacement of Arg18 in mouse IAPP with histidine (R18H), as in human IAPP, impart fibril-forming ability to mouse IAPP, although these fibrils form more slowly than those of human IAPP 29 (Fig. 3a) . Also, the pH profile of mouse IAPP R18H fibril formation shows an inflection at pH 6 ( Supplementary Fig. 5) , roughly the pK a of the substituted histidine, further implicating His18 in fibrillization (Fig. 3b) . The C-terminal region of mouse IAPP R18H is not responsible for fibrillation because of the mouse substitutions that prevent fibrillation (Fig. 2a) . Moreover, the fibrils of human IAPP and mouse IAPP R18H differ in morphology (Fig. 3c) . A further experiment suggested that a segment within the C terminus preferentially forms the spine within full-length human IAPP. In this experiment (Fig. 3a) , substitution of the mouse residue into human IAPP at position 18 (H18R) did not affect the kinetics of fibril formation (Fig. 3a) . It did, however, lower the fluorescence maximum, perhaps as a result of lower ThT binding, perhaps from alternative packing of protofibrils into fibrils.
Thus, the human IAPP sequence contains at least two fragments capable of forming amyloid cross-β spines: the C-terminal region, with a high propensity to form a zipper spine, and a kinetically less favorable segment within the N-terminal region containing His18 (Fig. 3a) . The formation of a steric zipper within either region would preclude the formation of a steric zipper within the other region of the same molecule. Considering this result in light of the structures in Figure 2 , we conclude that full-length IAPP can form polymorphs based on segmental polymorphism at the atomic level. a r t i c l e s
DISCUSSION Peptide polymorphs, prion strains and amyloid polymorphs
Our determination of molecular structures for polymorphic short segments falls far short of revealing the molecular structures for the entire polymorphic fibrils themselves. Solid-state NMR, hydrogen-deuterium exchange, cryo-electron microscopy and other methods [10] [11] [12] 14, 16, 18, 19, 30 have elucidated some fibrous molecular structures, but not yet the atomic structures associated with strains. The highest-resolution view to date of a prion fibril is that of HET-s 31 , in which the side chains protruding from pairs of β-strands interdigitate, much like the side chains within steric zippers. That the structures of full proteins in fibrils are more complicated than the structures of short segments is certain: amyloid proteins generally have more than a single segment that forms a steric zipper, and thus protein fibrils may contain more than a single type of β-sheet. In fact, one strain might differ from another in part by the order in which the various steric zippers are nucleated. The variety of steric zippers formed by IAPP (Fig. 2) gives a glimpse of the complexity of fibrous states that even a small protein can show.
However, even before the complexity of prion strains is fully understood, the models for polymorphism reported here offer one basis for thinking about conformations of prion strains at the molecular level.
A similarity between the polymorphic segment structures reported here, and actual prion strains and amyloid polymorphs of full proteins, is that different conformations arise from different environmental conditions. For example, different strains of Sup35-NM can be produced by incubation at different temperatures 32 . Similarly, distinct polymorphs of Alzheimer's β-amyloid fibrils can be produced by either agitating the dissolved precursor or not agitating 10 . In our case, the polymorphs were produced under different solution conditions. In cells, different environmental conditions might arise from differential hydration, oxidative or xenobiotic stress.
Lastly, the disruptive effect of proline scanning to fibrillation propensity is similar between peptide fibrils and full-length amyloid proteins and prions. When proline residues from the nonfibrillizing mouse IAPP sequence were substituted into these fibrillizing segments from human IAPP, the segments no longer formed fibrils. Three segments with proline replacements were tested: PPTNVG, PPTNVGSNTY and PVLPPT. None of these segments formed fibrils or microcrystals over a period of a year. These observations strengthen the relevance of the short segments whose structures are presented here to the behavior of fibrils of the full protein.
Information transfer in biology
The results presented here suggest that the protein-encoded information transfer associated with prion strains shows similarities to nucleic acid-encoded information transfer in chromosomal inheritance ( Table 3 ). The molecular basis for microbial strains is 1. 5 17 20 1. 8 16 21 1. 4 22 26 1. 7 21 24 1.5 17 17
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a r t i c l e s inherent in the central dogma of molecular biology: changes in gene sequence are translated into changes in protein structure, altered catalysis or interactions account for changed phenotypes of the mutant strains, and the phenotypes are heritable because the altered genes are inherited. In contrast, the prion hypothesis 1 -that a protein conformation can define a transmissible or heritable phenotypewas slow to be accepted, because the notion that multiple protein conformations can be heritable or transmissible fell outside common scientific experience. Proteins such as hemoglobin having alternative conformations have long been known. But the energy barriers between the conformations are low, and there was no known way that a conformation could be stabilized during the transmission to progeny cells. To achieve a high energy barrier between conformations, there must be a strong noncovalent force that holds the protein in each distinctive conformation during the process of transmission. The recognition that prion proteins can enter an amyloid-like, fibrillar state 7,33-35 offers a molecular mechanism for a stabilized, enduring conformation: the fibrillar state is maintained by a high density of hydrogen bonds 36 . More recently, we found that amyloid and prionderived fibrils have a steric zipper spine that is also maintained by strong van der Waals forces between the sheets 20, 21 and strong electrostatic polarization 37 . The strong van der Waals forces bond selfcomplementary protein sequences, so that the interaction is sequence specific. Prion and amyloid-like fibrils are stable under physiological conditions, so that fibrils can be transmitted to progeny cells. Also, because a protein fibril introduced into a solution of the same protein can seed the dissolved molecules into fibrils, there is an evident molecular mechanism for prion conversion based on fibril properties 38 .
Amyloid fibrils have the capacity to carry the information of prion strains because they are polymorphic; the same protein can form a variety of distinct fibril types [8] [9] [10] [11] 14, 16, 30 . Yet the molecular mechanism of fibril polymorphism has remained obscure. One proposal, for the specific case of Aβ(1-40) fibrils, is that one polymorph is dimeric and the other trimeric 16 . But because prion strains and fibril morphologies are so varied 6, 39 , there must be molecular mechanisms that are capable of encoding not just two polymorphs, but many.
The results present here suggest that the molecular basis of fibril polymorphism is based on the large variety of steric-zipper amyloid spines that can form from a single protein. These mechanisms are summarized in Figure 4 . Considering the possible variety of packing arrangements and segmental and combined structures for steric zippers, it is clear that a substantial variety of prion strains associated with a single protein can be encoded by steric zippers. Although combinatorial polymorphism has not yet been observed on the atomic level, biochemical evidence suggests that it operates in Sup35 fibril polymorphism 14, 15, 17 .
The molecular aspects of the transfer of genetic information by the familiar mechanism of nucleic acid inheritance show similarities to the less familiar protein-based mechanism suggested here for prion strains. In both cases, transfer is by noncovalent bonding. In nucleic acid inheritance, information transfer is achieved by base-pairing, involving complementary hydrogen bonding between bases. In the mechanisms proposed here for prion strains, information transfer is achieved largely by the steric fit (van der Waals bonding) of short, selfcomplementary amino acid sequences, with hydrogen bonding maintaining the zipper spine. Both mechanisms are sequence specific, based on nucleic acid sequences or self-complementary protein sequences. In the case of prions and amyloid proteins, hydrogen bonds maintain the integrity of the spine, whereas in the case of nucleic acids, covalent bonds maintain the integrity of the backbone. The greater integrity of the covalent backbone of nucleic acids provides a more robust mechanism for ensuring the continuity of life. Although the variation possible in protein-encoded inheritance is small compared to that in genomic DNA, the number of possible steric zippers is enormous. Though less structurally robust and more restricted in information content, protein-based inheritance could allow more rapid responses to environmental changes than do Mendelian mechanisms 40 . In short, the steric zipper presents an alternative model of information transfer 
have been adopted by a few microbial and mammalian proteins, and perhaps many others yet to be discovered 41 . 
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